The formation of tooth dentin occurs in an extracellular space, the content of which is largely determined by odontoblasts. This layer of cells controls parameters relevant to biomineralization: the influx of calcium and phosphate ions; maintenance of the extracellular pH and ionic strength; and the synthesis and secretion of collagen and non-collagenous phosphoproteins, glycoproteins, proteoglycans, and proteases that work together to generate and mineralize the extracellular space that becomes the body of the tooth (1) .
Collagen constitutes 90% of the organic matrix of dentin (2) . The non-collagenous proteins of dentin are typically anionic proteins that are capable of interacting strongly with calcium phosphates (2, 3) . The anionic character of the non-collagenous proteins in dentin is derived from an abundance of acidic amino acid residues and post-translational modifications, including phosphorylation, glycosylation, and glycosaminoglycan attachments (4) . The interaction of anionic proteins with calcium phosphates can vary, depending upon whether they are free in solution, where they may inhibit mineral induction and growth, or whether they are immobilized on a surface such as collagen, where they can promote mineral induction and growth (5) .
The first non-collagenous anionic protein in the dentin matrix to have its deduced amino acid sequence identified through the cloning and characterization of its cDNA sequence, was dentin matrix protein 1 (DMP1) (6) . Dentin matrix protein 1 appears to play a role in the formation of all mineralized tissues (7, 8) . Understanding how DMP1 contributes to dentin formation is an important part of discerning the molecular mechanisms of dentin biomineralization. Dentin matrix protein 1, however, is a low-abundance protein and is difficult to characterize. Dentin matrix protein 1 is believed to have extensive post-translational modifications. Rat DMP1, for instance, has been shown to have about 53 phosphates per molecule, but no phosphorylated residue has yet been identified (9) . Rat DMP1 has three asparagines in the appropriate context for glycosylation, but glycosylation has never been determined experimentally, regardless of whether or not DMP1 is glycosylated (4) . Dentin matrix protein 1 is also processed by proteases. Rat bone DMP1 is cleaved into an N-terminal 37-kDa polypeptide and a C-terminal 57-kDa polypeptide (9) .
Without better information concerning DMP1 posttranslational modifications, it is difficult to assess the relevance of functional studies employing unmodified recombinant DMP1 expressed in Escherichia coli. While recombinant mouse DMP1 has an apparent molecular mass of 110 kDa, the protein extracted from mouse incisors and brain tissues migrates between 130 and 150 kDa on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (10) . Rat bone DMP1 Dentin matrix protein 1 (DMP1) is an acidic non-collagenous protein that is necessary for the proper biomineralization of bone, cartilage, cementum, dentin, and enamel. Dentin matrix protein 1 is highly phosphorylated and potentially glycosylated, but there is no experimental data identifying which specific amino acids are modified. For the purpose of facilitating the characterization of DMP1 from pig, which has the advantage of large developing teeth for obtaining protein in quantity and extensive structural information concerning other tooth matrix proteins, we characterized the porcine DMP1 cDNA and gene structure, raised anti-peptide immunoglobulins that are specific for porcine DMP1, and detected DMP1 protein in porcine tooth extracts and histological sections. Porcine DMP1 has 510 amino acids, including a 16-amino acid signal peptide. The deduced molecular weight of the secreted, unmodified protein is 53.5 kDa. The protein has 93 serines and 12 threonines in the appropriate context for phosphorylation, and four asparagines in a context suitable for glycosylation. Dentin matrix protein 1 protein bands with apparent molecular weights between 30 and 45 kDa were observed in partially purified dentin extracts. In developing teeth, immunohistochemistry localized DMP1 in odontoblasts and the dentinal tubules of mineralized dentin and in ameloblasts, but not in the enamel matrix.
runs as a doublet at 150 kDa, while rat dentin DMP1 can have an apparent molecular mass as high as 200 kDa. It is evident that better structural characterization is necessary before meaningful structure/function relationships can be established for DMP1.
Pigs have large developing teeth, which offer obvious advantages for the biochemical characterization of lowabundance proteins such as DMP1. Furthermore, the pig model has the advantage of having a large body of information concerning the biochemical structures and properties of other enamel (11) (12) (13) and dentin (14, 15) proteins. In this study we expand the investigation of DMP1 to the pig animal model. We report the isolation and characterization of the porcine DMP1 cDNA, the DMP1 gene structure and deduced amino acid sequence, and generate porcine DMP1 anti-peptide immunoglobulins that specifically detect DMP1 protein in protein extracts and histological sections of developing teeth. These data are analyzed in the light of what has been learned about DMP1 from other organisms.
Material and methods
All experimental procedures involving the use of animals were reviewed and approved by the Institutional Animal Care and Use Program at the University of Michigan.
Cloning of porcine DMP1 cDNA (method 1)
RNA from porcine dental pulp tissue was isolated by using the RNeasy Protect Maxi kit and protocol (Invitrogen, La Jolla, CA, USA), and converted to cDNA by reverse transcription. The human (16) , bovine (17) , and mouse (18) DMP1 cDNA sequences were aligned to identify regions of maximum homology. Degenerate primers (pDMP1tF1, 5¢-AGYGGAGATGACACCTTTGG; and pDMP1tR1, 5¢-CTGCCRCCTCCCACCC) were synthesized and used to amplify a segment of porcine DMP1 cDNA by polymerase chain reaction (PCR) using Platinum Taq DNA polymerase High Fidelity (Invitrogen). The PCR conditions used a 5-min denaturation at 94°C, followed by 40 cycles each of denaturation at 94°C for 30 s, primer annealing at 55°C for 30 s, and product extension at 72°C for 30 s, with a final extension at 72°C for 7 min. The amplification product was ligated into pCR2.1-TOPO (Invitrogen) and transfected into E. coli. DNA minipreps of the recombinant plasmid containing the 257-bp insert were characterized by DNA sequencing using ABI Big Dye Terminator chemistry and an ABI 3100 automated DNA sequencer at the University of Michigan's DNA Sequencing Core. This sequence was analyzed, and porcine DMP1-specific oligonucleotide primers were designed for rapid amplification of cDNA ends (RACE). The DMP1-specific primers used for 5¢-RACE were pDMP1RACE5R (5¢-GCCTGCTGTCC-ACCTCATCCTCGT) and pDMP1RACE5R1 (5¢-GGC-CCCTGCTCTCACTGGTGGTATC).
The 3¢-RACE primers were pDMP1RACE3F (5¢-GTGGCCCAGGAC-CTGAAGAGAGCA) and pDMP1RACE3F1 (5¢-GGG-GAAGTCAGTGCCCAAGATACCA). The RACE was accomplished using the BD SMART RACE cDNA Amplification Kit (BD Bioscience Clontech, San Jose, CA, USA). The 5¢-and 3¢-RACE products were ligated into pCR2.1-TOPO (Invitrogen) and transfected into E. coli.
Cloning full-length porcine DMP1 cDNA (method 2) RNA was isolated from dental mesenchyme using TRIzol (Invitrogen) reagent and converted to cDNA in three separate experiments using Superscriptä reverse transcriptase (Invitrogen). Each cDNA preparation was amplified in three separate PCR reactions (nine reactions in total) using Accu Pfx Polymerase SuperMix (Invitrogen) and the primerpair 5¢-CAGCTATGAAGACCAGCATCC and 5¢-CTAGTAGCCGTCCTGGCAGT. The PCR conditions used a 5-min denaturation at 95°C, followed by 35 cycles each of denaturation at 95°C for 15 s, primer annealing at 60°C for 30 s, and product extension at 68°C for 105 s, with a final extension at 68°C for 7 min. To minimize potential errors caused by infidelity in the PCR and reverse transcription (RT) reactions, three DMP1 cDNAs from each reaction (27 PCR products) were characterized by direct DNA sequencing using the two PCR oligonucleotides and two internal oligonucleotides (5¢-TGTCCTGTGCTCTCC-CAGT and 5¢-TCGCCCAAGGTGTCATCTCC) as primers. Direct DNA sequencing of amplified porcine genomic DNA verified the entire porcine DMP1 cDNA sequence. The oligonucleotides and PCR conditions are provided in Table 1 .
Determination of intron-exon boundaries
Primers were designed from each exon after sequence comparison with human, mouse, and bovine DMP1. Using the porcine genomic DNA as a template, DMP1 genomic segments were amplified using Platinum Taq DNA polymerase High Fidelity (Invitrogen), cloned and characterized by DNA sequencing. The oligonucleotide primer pairs and PCR conditions are shown in Table 1 .
Genome walking
Genomic sequences outside the 5¢ and 3¢ ends of the porcine DMP1 gene were obtained using the DNA Walking SpeedUp premix kit (Seegene, Seoul, Korea) and protocol. For the 5¢ end, oligonucleotides pDMP1TSP6 (5¢-CAGTG-GTCTTAGCATCTCCT) and pDMP1TSP5 (5¢-CTGGC-TCTACTGAAGTCACA), and for the 3¢ end, oligonucleotides pDMP1TSPF4 (5¢-ACATGGTGAGACT-AGAAGC) and pDMP1TSP F2 (5¢-GCACAGTGA-GGTGTGTTGGATTAG), were used according to the protocol.
Sequence analyses
The signal peptide cleavage site was predicted using Signal P 3.0 (19) at the Center for Biological Sequence Analysis Website (http://www.cbs.dtu.dk/services/SignalP/). The molecular weight and isoelectric point of porcine DMP1 was predicted using the Compute pI/Mw tool (http:// c.expasy.org/tools/pi_tool.html) on the Expasy molecular biology server (http://expasy.cbr.nrc.ca/tools/scnpsit1.html) at the Swiss Institute of Bioinformatics. Searches for potential phosphorylation, and O-and N-linked glycosylation sites were performed at the Center for Biological Sequence Analysis at the Technical University of Denmark Website (http://www.cbs.dtu.dk/) using the NetNGlyc 1.0 (20), NetOGlyc 2.0 (21), and NetPhos 2.0 (22) prediction servers. Percentage identities of DMP amino acid sequences from porcine, human, bovine, and mouse were calculated from pairwise aligments using SIM (at http://www.expasy. org/tools/sim-prot.html).
Preparation of porcine tooth powder and extraction of DMP1
Tooth germs of permanent molars were surgically extracted from the maxillae and mandibles of 6-month-old pigs at the Michigan State University Meat Laboratory (East Lansing, MI, USA), as described previously (14) . Soft tissue was removed and the hard tissue was quickly frozen in dry ice. Secretory stage dental enamel was removed by scraping with a curette. The remaining hard tissue was reduced to a powder using a jaw crusher (Retsch, Newtown, PA, USA). All extraction steps were carried out at 4°C or on ice. Protease Inhibitor Cocktail Set III (1 mM 4-[Aminoethyl]benzenesulfonyl fluoxide hydrochloride [AEBSF], 0.8 lM aprotinin, 50 lM bestatin, 15 lM E-64, 20 lM leupeptin and 10 lM pepstatin) (EMD Biosciences, San Diego, CA, USA) and 1 mM 1,10-phenanthroline (Sigma, St Louis, MO, USA) were added into the buffer during the extraction. Dentin powder was sequentially extracted with 50 mM Tris-HCl/4 M guanidine buffer (pH 7.4), then with 50 mM Tris-HCl/4 M guanidine/0.5 M EDTA buffer (pH 7.4). These extracts were centrifuged at 7000 g, desalted and concentrated using the combination of a Spectra/Por 3 membrane (Spectrum Laboratories, Rancho Dominguez, CA, USA) with a YM-3 membrane (Amicon, Beverly, MA, USA), and were lyophilized and stored at )80°C.
Partial purification of porcine DMP1
The following fractionation of dentin proteins was carried out as previously described (14) . In brief, the lyophilized EDTA extract was dissolved in 10 ml of 50 mM Tris-HCl/ 6 M urea buffer (pH 7.4) and fractionated by anionexchange chromatography using a Q-Sepharose Fast Flow column (1.6 cm · 20 cm; GE Healthcare Biosciences, Little Chalfont, Bucks., UK). Dentin matrix protein 1 eluted in the third peak (Q3), which was concentrated with a YM-3 membrane and further fractionated over a hydroxyapatite (HA) column. The HA column divided Q3 into three parts. The contents of the second peak (H2) were fractionated by size-exclusion chromatography on a Superdex 200 column (1.6 cm · 60 cm; GE Healthcare Biosciences). Dentin matrix protein 1-positive bands were identified among the contents of the second chromatographic peak (S2). Samples from the guanidine supernatant, guanidine pellet, the guanidine/EDTA extracts and S2 were incubated with Protein G-Sepharose (GE Healthcare Biosciences) and centrifuged to remove immunoglobulins.
Antibody production A 14-amino acid segment (Gln173-Asp186; Cys-QEEGV-GEPRGDNPD) from the porcine DMP1 deduced amino acid sequence was selected based upon overall antigenic index, favorable secondary structure, peptide location, and cross-species reactivity. The peptide was conjugated to the carrier peptide-KLH (keyhole limpet hemocyanin). Antibodies were generated in rabbits using a 2-month protocol that included three immunizations, one test bleed, a fourth immunization, and a final bleed. Specific anti-DMP1 immunoglobulin was purified from the final bleed using an affinity column containing the immobilized unconjugated DMP1 peptide, and tested using enzyme-linked immunosorbent assay (ELISA) before being used for western blotting and immunohistochemistry. Porcine DMP1
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis was performed using PAGEr Gold Precast Gels (4-20% gradient, 10% or 7.5% Tris-Glycine gels) (Cambrex Bio Science, Rockland, ME, USA). Samples were dissolved in Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) and electrophoresis was carried out using a current of 20 mA for 1.5 h. The gels were stained with Bio-Safe Coomassie (BioRad) or Stains-all (Sigma). The apparent molecular weights of protein bands were estimated by comparison with SeeBlue Plus2 Pre-Stained Standard (Invitrogen).
Western immunoblots
After SDS-PAGE, proteins were electrotransferred onto a Hybond-P membrane (GE Healthcare Biosciences). Porcine DMP1 antibodies were used at dilution of 1 : 50,000. The membrane was immunostained by chemiluminescent detection with the ECL Advance Western Blotting Detection Kit (Amersham Pharmacia, Piscataway, NJ, USA).
Preparation of tissues for immunostaining
Developing second molars of 6-month-old pigs were fixed, demineralized, and embedded in paraffin. In brief, fixation was in 4% paraformaldehyde/DEPC at 4°C for 2 d. The fixed teeth were demineralized for 3 wk using 10% EDTA/ diethylpyrocarbonate (DEPC) at pH 7.4. Histology processing used washes at 4°C in phosphate-buffered saline (PBS) (pH 7.4) for 6-8 h, 70% (v/v) ethanol overnight, 95% (v/v) ethanol the second day, 100% (v/v) ethanol overnight, and xylene for 2 h at room temperature, followed by embedding by paraffin perfusion for 3-4 h. The molars were embedded with the mesial surface down and sectioned at 6-lm thickness.
Immunohistochemistry
The AEC rabbit primary staining kit (Zymed, San Francisco, CA, USA) was used. Rabbit anti-porcine amelogenin immunoglobulin was used as a positive control and the negative control was rabbit immunoglobulin G (IgG) at a dilution of 1 : 100. To enhance antigen-antibody binding and reduce non-specific reaction, an antigen retrieval procedure was conducted prior to immunohistochemistry (IHC) experiments (23). The affinity-purified porcine DMP1 antibodies were dissolved at a concentration of 1 mg ml
and used at a dilution of 1 : 100. Tissue sections were analyzed and photographed using a Nikon Eclipse Microscope and Act1 software (Mager Scientific, Dexter, MI, USA).
Results
The full-length porcine dentin matrix acidic phosphoprotein (DMP1) cDNA (2681 bp) was cloned and characterized, and its amino acid sequence was deduced (Fig. 1) . The pig protein has 494 amino acids following the removal of a 16-amino acid signal peptide. The deduced molecular weight of the secreted protein is 53.5 kDa, although the actual molecular weight is likely to be much larger owing to post-translational modifications. Porcine DMP1 has 99 serines (20%), 93 of which are in the appropriate context for phosphorylation. Its amino acid composition is also notable because of its many acidic residues [89 (or 18%) glutamic acids; 51 (or 10.3%) aspartic acids]. Overall, negatively charged side chains outnumber positively charged groups by 140 to 42, giving the protein an acidic calculated isoelectric point of 4.1. Porcine DMP1 also has four asparagines in the appropriate context for glycosylation (Asn341, Asn360, Asn416, and Asn464).
To confirm the cDNA sequence and to determine the positions of intervening sequences in the porcine DMP1 gene, we characterized the DMP1 coding region and intron/exon borders by direct sequencing of porcine genomic DNA (Tables 2 and 3 ). The sequences at the intron/exon borders are shown in Table 3 . Full-length porcine DMP1 cDNAs were independently cloned and five nucleotide polymorphisms were identified, four of which changed the deduced amino acid sequence (Met76Leu, Leu90Leu, Val231Ala, Glu312Lys, and Leu326Pro). This indicates that DMP1 protein sequences vary within species.
The porcine DMP1 deduced amino acid sequence was aligned to human (16) , bovine (17) , and mouse (18) DMP1 sequences (Fig. 2) . Among the 93 serines appropriate for phosphorylation, 72 were found to be conserved in all four DMP1 sequences. Asn464 is the only potentially glycosylated asparagine that is conserved in all four DMP1s. The predicted integrin-binding site (RGD) is conserved in all of the four known mammalian DMP1 sequences. Pairwise alignments of the four DMP1 sequences gave the following percentage identities: porcine-human, 67%; porcine-bovine, 73%; porcine-murine, 62%; human-bovine, 70%; human-murine 64%; and bovine-murine 64%.
We prepared an anti-peptide immunoglobulin against the conserved segment of porcine DMP1 containing the RGD integrin-binding motif (QEEGVGEPRGDNPD), which contained no residues that were predicted to be post-translationally modified. The affinity-purified antipeptide immunoglobulin was used to detect DMP1 in porcine dentin extracts (Fig. 3) . Dentin matrix protein 1 was detected as four bands, which are presumably cleavage products, migrating between 30 and 45 kDa on SDS-PAGE. In rat, DMP1 cleavage products at 37 and 57 kDa have been characterized (9) . Full-length recombinant DMP1 protein, which lacks post-translational modifications, migrates at 110 kDa (10) . Negative controls demonstrated the necessity of removing naturally occurring immunoglobulins from dentin extracts prior to performing western blot analyses. We did not detect larger immunopositive bands following the removal of contaminating immunoglobulins The largest DMP1 immunopositive bands in western blots of bovine and mouse dentin are at 150 kDa (10), while a band as high as 200 kDa was detected in rat (24) . As in studies of other organisms, the quantity of DMP1 in dentin extracts was very low. Future studies of porcine DMP1 will need to be scaled up significantly to determine whether DMP1 components having higher molecular weights are present.
The porcine DMP1 anti-peptide immunoglobulin was used to detect the presence of DMP1 protein in Table 2 Porcine dentin matrix protein 1 (DMP1) gene structure Table 3 Porcine dentin matrix protein 1 (DMP1) exon/intron boundaries developing pig molars (Fig. 4) . Dentin matrix protein 1-immunopositive signals were observed in secretorystage ameloblasts, especially at their proximal ends near the stratum intermedium, in odontoblasts, and in the dentinal tubules of mineralized dentin. No positive signal was observed in forming predentin, or in the nuclear compartments of any cells. The strength of the positive reaction was not intense and was sensitive to the experimental conditions used.
Discussion
Dentin matrix acidic phosphoprotein 1 was originally discovered by deducing the amino acid sequence of a rat cDNA that was obtained by screening a Lambda cDNA library with polyclonal antibodies raised against a mixture of dentin phosphoproteins (6) . This was the first cDNA to be characterized that encoded a dentinspecific acidic phosphoprotein. Shortly after this discovery, it was determined that the gene encoding human DMP1 localizes to a region on chromosome 4q12-q21 that is linked to dentinogenesis imperfecta (DGI) (25, 26) . Subsequent studies have determined that DMP1 is not dentin specific, but is expressed in bone (27) , in mineralized tissues in general (28) , and even in nonmineralized tissues (including liver, muscle, brain, pancreas, and kidney) (10) . Dmp1 knockout mice displayed no dental phenotype in the heterozygous condition (+/-) or in the homozygous condition (-/-) in embryos and newborns. After birth, defects were observed in the maturation of predentin to dentin, which was associated with increased accumulation (but not expression) of biglycan in the expanded predentin, and a general reduction in the expression of dentin sialophosphoprotein (DSPP) (7) . Other mineralized tissues, such as bone, enamel, and cementum, were affected and third molars were either missing or retarded in some Dmp1 null mice. Severe defects in cartilage formation were also observed (8) .
Because DMP1 functions in many tissues, genetic defects in human DMP1 probably do not contribute to the etiology of inherited defects of dentin, such as DGI and dentin dysplasia (DD), as these phenotypes are restricted to dentin specifically. Mutations in the DMP1 coding region have been ruled out in some kindreds with DGI (16) , while an increasing number of DSPP mutations have been associated with inherited defects of dentin (29) (30) (31) (32) (33) (34) .
The DMP1 gene appears to evolve rapidly in vertebrates. The various porcine DMP1 cDNAs we characterized showed five variations among their deduced amino acid sequences. The DMP1 coding sequence from exon 6, which comprises all but the first 60 codons, has been determined for a broad range of mammalian species, including monotremes (platypus) and marsupials (wallaby and opossum) (35) , as well as from 19 species of bat (36) . DMP1 sequences have also been determined for reptiles (caiman) (37) and birds (chicken and pheasant) (38) . Alignments of all known DMP1 sequences identi- , the guanidine/EDTA extract (lane 3) and the final DMP1-containing fraction that was partially purified from the guanidine/EDTA extract by ion exchange, hydroxyapatite affinity, and size exclusion chromatography (lane 4). The initial western blot analysis of replica gels of those shown in (A) had multiple positive bands in the negative control using only the secondary antibody (B), presumably as a result of the presence of porcine immunoglobulins in the dentin extracts. All fractions were then cleared of immunoglobulins using a protein G affinity column, which eliminated the positive reactions associated with the 2°antibody (C). Four DMP1-positive bands were identified as having apparent molecular weights ranging from 30 to 45 kDa (lane 4), in a fraction that contained a Stains-all positive smear that was most intense between 45 and 100 kDa. 1°Ab is the DMP1 antibody produced in this study. 2°Ab is a goat-anti-rabbit antibody.
fied three short conserved segments of the DMP1 primary structure (38) . According to the numbering for porcine DMP1, these conserved areas are Asp104-Leu114, Glu209-Pro216, and Asp502-Tyr510. The universal importance of these DMP1 segments is unknown. The RGD sequence associated with integrin binding is conserved in all mammalian species, but is absent from all non-mammalian DMP1 sequences characterized to date. Dentin matrix protein 1 is proposed to be a SIBLING (small integrin-binding ligand N-linked glycoprotein). The five proteins in this family each have an integrinbinding motif and conserved phosphorylation and N-glycosylation sites, and have proposed roles as activators of specific matrix metalloproteinase ÔpartnersÕ, with DMP1 activating proMMP-3 (39) . Although the function of DMP1 is not known, its functional properties are likely to be influenced by its post-translational modifications. For instance, with respect to the ability of DMP1 to nucleate hydroxyapatite formation, the nonphosphorylated recombinant protein acted as an HA nucleator, whereas the same protein phosphorylated in vitro had no detectable effect on HA formation and growth (40) . Non-phosphorylated, recombinant rat DMP1 bound collagen, but the three DMP1 segments implicated in collagen binding (DSESSEEDR, SEENR, and DSDSQDSSR) (41) are all predicted to be phosphorylated (underlined), suggesting that the native DMP1 protein may not show the same tendency to bind collagen.
It has been proposed that non-phosphorylated DMP1 is taken up into the nucleus, where it acts as a transcription factor that drives the differentiation of precursor cells into osteoblasts. Having accomplished this, DMP1 is proposed to be phosphorylated by a nuclear kinase and transported out of the cell where it nucleates HA formation (42) . Such a scenario raises issues as to how the DMP1 signal peptide is cleaved and how the protein might be glycosylated without passing through the endoplasmic reticulum. The post-translational modifications of DMP1 may vary in different tissues. Rat bone DMP1 differs in apparent molecular weight from rat dentin DMP1 (24) .
We tested our porcine DMP1 anti-peptide immunoglobulin in western blot and immunohistochemical analyses (Figs 3 and 4) . The antibody gave a positive and specific signal on western blots of dentin extracts, but only after immunoglobulins were removed from the protein samples. We suspect that contaminating immunoglobulins may partially explain the detection of DMP1-positive bands of various sizes in different tissues (10, 24) . In the rat, two excellent studies have combined in situ hybridization and immunohistochemistry to clarify the expression of DMP1 during tooth formation at multiple developmental stages (43, 44) . Both of these studies identified DMP1 in dentinal tubules, which is consistent with our findings in pig. We also observed a DMP1 signal in secretory ameloblasts, but not in dental enamel, and we could not detect DMP1 protein in enamel extracts by western blot analyses (data not shown). Dentin matrix protein 1 was not immunodetected in ameloblasts in the rat studies, so our positive DMP1 immunostaining of porcine ameloblasts requires confirmation by other methods. By opening the investigation of DMP1 in the porcine animal model, we hope to facilitate studies that will allow us to characterize the structural features of DMP1 so that we can better understand its functional properties. Characterization of the porcine cDNA sequence and gene structure has allowed us to deduce the porcine DMP1 primary structure, assess its potential for posttranslational modifications, develop DMP1-specific antibodies, and identify DMP1 in tooth extracts and in histological sections of porcine molars. These studies will facilitate the isolation of DMP1 from porcine teeth to advance our understanding of its structural features and the mechanisms of its functional roles in tooth development and mineralization.
